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Introduction
In the gastrointestinal (GI) tract there are extensive interactions between the host diet, immune system, metabolism and colonising microbiota (Macpherson et al., 2005) . To preserve homeostasis, immune responses including the mounting of appropriate tolerant responses to the colonising gut microbiota have to be tightly controlled (O'Connor et al., 2006) . Despite being prominent species in the GI tract of healthy humans and animals (Chow and Transient inflammatory-like state and microbial dysbiosis are pivotal in establishment of mucosal homeostasis during colonisation of germ-free mice Mazmanian, 2010) , 'pathobionts' are potential pathogenic commensals that can trigger the immune system and elicit inflammatory responses. This, in turn, may lead to disease in genetically predisposed persons (Manco et al., 2010) and people on certain diets, which represents another major component that triggers inflammatory responses. Several gut microbiota members such as segmented filamentous bacteria (Stepankova et al., 2007) , Helicobacter species (Erdman et al., 2009) , Clostridium difficile (Palmer, 2011) , Prevotellaceae and TM7 (Elinav et al., 2011) , and Klebsiella pneumonia (Garett et al., 2009) , play a crucial role in priming the immune system, but can also trigger disease in response to environmental changes and were therefore designated 'pathobionts' (Chow et al., 2011) .
Recently, we employed a germ-free mouse model to study the dynamic regulation of mucosal responses to the microbiota during 30 days of conventionalisation, addressing both metabolic interactions between microbiota and small and large intestinal mucosa (El Aidy et al., 2012a,b) , but also focusing on the development of the mucosal immune system (El Aidy et al., 2012c) . The latter study employed transcriptome analysis, which aimed at unravelling the trends of host gene response over time. Additionally, the microbiota data were analysed as temporal and spatial community composition and abundance. The findings of that study highlighted the stepwise development of the adaptive and regulatory arms of the immune response that is required to achieve microbiota accommodating homeostasis. The gradual development of the adaptive immune system followed a strong but transient induction of innate immune responses, including high-level production of antimicrobial peptides. This peaking of innate immunity occurred four days after de novo microbial colonisation. In the present study, we sought to decipher the key factors involved in priming and regulating the host immune response to the colonising microbiota in the colon. To this end, we employed local (microbiota composition data and tissue transcriptomes) as well as systemic (plasma cytokines and metabolites) analyses that are specifically associated with the distinct (immune) effects observed after 4 days of microbial colonisation, whereas previous studies focused on the timeline and expression pattern analyses (El Aidy et al., 2012c) rather than a single time point. We report that specific bacterial members including pathobionts could play a crucial role in the establishment and maintenance of immune balance, despite their proposed relevance in inflammatory diseases.
Materials and methods

Animals, experimental design and sampling
All procedures were carried out according to the European guidelines for the care and use of laboratory animals, as previously described (El Aidy et al., 2012c) . The MICALIS (Microbiologie de l'Alimentation au Service de la Santé) review board specifically approved this study. In brief, germ-free and conventionalised mice (male, C57 BL/6 J) were maintained in sterile conditions on a commercial laboratory chow diet 1016C (AIN#92). After 2 weeks of acclimatisation and diet adaptation, a first set of germ-free mice (n=3) was randomly assigned to be sacrificed by oral anaesthesia using isoflurane. The remaining germ-free mice were conventionalised by oral gavage with 0.5 ml of mixed faecal suspension obtained from 0.2 g of freshly obtained faecal material of 8 conventionally raised mice (C57 BL/6 J, 8-10 weeks old), diluted 100-fold in Brain Heart Infusion Broth (BD, Franklin Lakes, NJ, USA). Mixed faeces were used to avoid any bias originating from the interindividual variation in microbial composition between conventionally raised mice. Following conventionalisation, the mice were maintained in the isolator in standard cages with 6 mice per cage, until the moment of sacrifice. We carried out three independent biological experiments using mice of different ages (8-and 10-weeks old) to eliminate the factor of tissue development as a confounding factor in the modifications observed in the host responses in short time and/or over 30 days after conventionalisation. The first and second of the three independent biological experiments performed included 36 mice obtained in two biologically independent batches of 18 mice each, aged 8 and 10 weeks, respectively. The third experiment included 14 mice 10-weeks of age. The colon from each mouse was removed and divided into 2 cm segments for further analysis (for detailed description of the animal experiment, see El Aidy et al., 2012c) . To test for the systemic factors that exclusively target the distinct immune response associated with day 4 after the initial microbial colonisation, plasma samples (150-300 μl) were collected from germ-free and conventionalised mice directly after sacrifice and stored at -80 °C for cytokine and amine measurements.
Microbial profiling of the colon
In order to distinguish the specific microbial groups associated with the drastic (immune) changes four days after de novo microbial colonisation, luminal contents from the colon were analysed compared to the other days of colonisation by the Mouse Intestinal Tract Chip (MITChip). MITChip is a diagnostic 16S rRNA array that consists of 3,580 unique probes especially designed to profile murine gut microbiota as previously described (El Aidy et al., 2012c) and analogous to the Human Intestinal Tract (HIT)Chip (Rajilić-Stojanović et al., 2009) . Statistical analysis was performed between all conventionalisation days using the Kruskal-Wallis test executed in SPSS Statistics 17.0 (SPSS, Chicago, IL, USA).
Transcriptome analysis
High quality total RNA was isolated from a 2 cm segment colon by extraction with TRIzol reagent (Life Technologies, Carlsbad, CA, USA), followed by DNAse treatment and column purification. Samples were hybridised on Affymetrix Gene Chip Mouse Gene 1.1 ST arrays (Santa Clara, CA, USA). Complementary methods were used for the biological interpretation of the transcriptome data: overrepresentation analysis of Gene Ontology (GO) terms using temporal and location comparative analysis making use of the short time series analysis software (STEM), and construction of biological interaction networks using Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Inc., Redwood City, CA, USA) as previously described (El Aidy et al., 2012c) .
Histological staining
Cross sections (4 μm thick) of 2 cm intestinal segments fixed in 4% (w/v) paraformaldehyde and paraffin-embedded were stained with haematoxylin and eosin (HE) (Vector Laboratories, Burlingame, CA, USA) to detect the presence of an overt tissue inflammation. Cross sections of the colonic tissue segments were stained with Alcian Blue (AB) followed by the periodic acid-Schiff's (PAS) reaction as previously described (Spicer, 1965) . Comparative analyses of the histochemical and cell-enumeration data were performed at each time point using one-way analysis of variance (ANOVA) followed by Tukey's studentised range test (SPSS), and for all variables P<0.05 was considered significant.
Plasma measurements
Cytokines were determined in 70 μl plasma samples using the Mouse MAP multiplexed immunoassay standard operating procedures established at Rules-Based Medicine (Austin, TX, USA) (www.rulesbasedmedicine.com). Plasma aliquots of 5 μl were used for quantitative analysis of primary and secondary amines using liquid chromatography-tandem mass spectrometry (LC-MS/MS) after derivatisation using the AccQ·Tag Ultra Derivatisation Kit (Waters Ltd., Elstree, UK) (for detailed description see the Supplementary Methods). For data analysis, ANOVA was executed in SPSS Statistics 17.0 (for detailed description, see supplementary experimental procedures).
Results and discussion
Transient overrepresentation of specific bacterial members during microbial colonization
In our previous study, we employed time series analyses to unravel the time-resolved host responses towards de novo microbial colonisation (El Aidy et al., 2012c) .
It was revealed that 4 days after the initial microbial colonisation was associated with the greatest alterations, as inferred from the drastic changes in host transcriptome and immunohistochemical profiles as well as massive production of antimicrobial peptides. The MITChip analyses of the microbiota composition revealed that certain microbial taxa were specifically enriched at this particular time point during conventionalisation. This distinction was inferred from the overrepresention of the Gramnegative groups mainly belonging to the Proteobacteria with high abundance of Helicobacter (7.42±4.46%) (Epsilonproteobacteria), Sphingomonas (1.93±1.28%) (Alphaproteobacteria) and Mucispirillum (2.37±0.50%) (Deferribacteres) (Figure 1 and Supplemental Figure  S1 ). The genus Streptococcus also appeared to increase specifically on day 4 after conventionalisation but was only present at low abundance (<0.001%), suggesting that this only reflects a marginal modulation. Several additional genera appeared to be more abundant in the microbiota on day 4 after conventionalisation (including Desulfovibrio (0.11±0.03%) and Bilophila (0.38±0.14%)), but remained present in the microbiota at higher levels at later timepoints. The expansion of the Proteobacteria phylum that was particularly large for Helicobacter (mostly Helicobacter hepaticus (Supplemental Figure S1B ,C) and Sphingomonas at day 4 declined upon prolonged colonisation. Notably, H. hepaticus is a renowned pathobiont.
Microbial dysbiosis that is often characterised by a reduction of strictly anaerobic members (Bacteroides and Clostridia) and prevalence of facultative aerobes (gammaproteobacteria) (Winter et al., 2013 ) is frequently associated with intestinal inflammation in genetically predisposed humans and mice (Garrett et al., 2010; Walker et al., 2011) . This notion, together with the previously reported transient mounting of innate immune responses at this stage of the conventionalisation process (El Aidy et al., 2012c) , prompted us to hypothesise that this particular microbial overgrowth at four days after conventionalisation may reflect the tolerance towards high innate immune pressure of the bacterial taxa observed.
Transient overgrowth of specific bacteria correlates with mounting immune response and altered goblet cell functionality
Next, we evaluated the significance of co-occurrence of the transiently overrepresented microbiota with the host gene expression at day 4 post-conventionalisation. Correlation analysis of quantitative microbiota composition and gene expression datasets revealed significant correlations between Helicobacter, Sphingomonas and Mucispirillum colonisation and the expression of several genes associated with proinflammatory responses (Supplementary Figure  S2 ; see detailed description of the correlation method in the Supplementary Methods).
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Please cite this article as 'in press' Correlation with other variables revealed that the transient overgrowth of these pathobionts was also associated with a significant and transient reduction in the number of goblet cells (Figure 2A) . Moreover, the goblet cells seen at this stage of conventionalisation were predominantly containing sialylated mucins, thus a weaker biophysical barrier to microbial penetration as compared to sulfated mucins ( Figure 2B ) (El Aidy et al., 2012c; Lindén et al., 2008; Parker et al., 1995; Raouf et al., 1992) . Notably, the observed changes in goblet cell numbers and their mucin biochemistry at later stages of conventionalisation returned to a status that bears similarity to that seen in the germfree state, supporting the specificity of this effect for this transient inflammation-like state. Therefore, it appears that the changes in goblet cell functionality participate in the inflammation-like response cascades in the mucosa that coincides with the transient and distinct overgrowth of the abovementioned microbial genera. Nevertheless, HE staining of the colonic mucosa failed to reveal any apparent signs of tissue inflammation (Supplementary Figure S3) . The absence of an overt tissue inflammation suggests that the distinct characteristics of this stage of conventionalisation are indicative for the process that leads toward full maturation of the immune system (El Aidy et al., 2012c) . Thereby, these data imply that transient mounting of proinflammatory immune responses occuring during the process of microbial colonisation plays a natural role in the tight regulation of immune barrier function in the mucosa, which is not associated with unwarranted tissue inflammation.
Transcriptome signature for immune system priming during microbial colonisation
We assumed that the tissue transcripts co-associated with the dominating microbial groups (Supplementary Figure S2) are part of a gene regulatory network involved in regulatory processes occurring at this particular stage during the process of colonisation. Therefore, all genes that display their highest expression at day 4 after conventionalisation as identified by STEM, were mined to search for potential transcriptional signatures using IPA (El Aidy et al., 2012c) . The resulting IPA derived network encompassed several core regulatory genes that are involved in proinflammatory responses and cell cycle regulation (Figure 3 , Supplementary Figure S4 ) and included all the genes that were also coassociated with the overrepresented microbial members (see above). GO annotation enrichment for genes that were differentially expressed at day 4 after conventionalisation confirmed that the majority of the modulated biological processes and signalling pathways were involved in cell signalling, including cell cycle control and inflammatory responses (Figures 4A and 4B) . The transient mounting of immune activity and the strong T-helper (Th)1 associated responses that were detected at this particular stage of microbial conventionalisation seem to involve Helicobacter (dominated by H. hepaticus, Supplementary Figure S1B and S1C) and possibly Sphingomonas and Mucispirillum for their activation, as suggested by the correlation analysis (see above). This finding is in agreement with previous studies showing that H. hepaticus is associated with dysbiosis (Erdman et al., 2009 ) and capable of inducing T-cell dependent (induction of Th1 and Th17) and T-cell independent (via Toll-like receptors) inflammatory responses in immunocompromised and interleukin 10 -/-and lymphocyte-deficient Rag -/-Myd88 -/-mice, but not in wild-type mice (Chow and Masmanian, 2010; Erdman et al., 2003) . The observed abundance of Sphingomonas could have promoted the induction of natural killer (NK) T cells that was observed at a later stage of microbial colonisation (El Aidy et al., 2012c) , since the glycosphingolipids produced by this microbial genus have been associated with activation of NK T cells in humans (Duan and Nilsson, 2009; Mattner et al., 2005; Zeissig et al., 2007) . The third genus, Mucispirillum, which is also known to colonise the mucus layer (Robertson et al., 2005) , has been recently detected in animal models of dextran sulphate sodium-induced colitis (Berry et al., 2012) .
Notably, among the identified tissue transcriptome signatures, the human counterparts of 30 genes have known roles in inflammatory bowel disease and colon cancer based on the genome-wide association studies (indicated with red arrows in Supplementary Figure S4 ). These findings support the potentially broad biological relevance of this transcriptional signature, which appears to reflect a pivotal stage in the delicate control of appropriate immune activation in response to the gut microbiota. Moreover, the results confirm the postulated role of the overrepresented pathobiont as well as the other two identified bacterial members in the development of adaptive immune responses during the process of microbial colonisation. Importantly, two major negative regulators of the proinflammatory genes, suppressor of cytokine signalling 1 (Socs1), a potent negative regulator of cytokines including interferon gamma (Ifn-γ) and downstream target genes (Kinjyo et al., 2002) , and metallopeptidase inhibitor 1 (Timp-1), the natural inhibitor of Mmp3 (Heuschkel et al., 2000) were co-induced with their target genes. Asynchronous expression of Socs1 and Timp1 has been observed in chronic inflammatory bowel disease in humans (Kinjyo et al., 2002; Heuschkel et al., 2000) and the induction of Socs1 was proposed to be a potentially effective treatment (Chinen et al., 2006) . The co-induction of Socs1 and Timp1 inhibitor genes together with the proinflammatory cytokines that are antagonised by Socs1 and Timp1 might have contributed to the absence of an overt tissue inflammation, which was confirmed at histological level (Supplementary Figure S3) . The absence of tissue damage at this transient inflammation-like state comes as no surprise because our study used healthy mice with mucosa that apparently possessed sufficient plasticity to adapt to the colonising microbiota, implying that the transcriptome signatures identified reflect an adjuvanticity-like status rather than full-scale inflammation.
Transient inflammatory-like changes in plasma profiles during microbial colonisation
Parallel to the transcriptome signature, we detected elevated levels of a panel of cytokines and amines in plasma, specific for four days after conventionalisation; they were present at significantly lower levels in both germ-free and at 30 days after conventionalisation. The where the latter time point is considered as a stage of microbiota-accommodating homeostasis (El Aidy et al., 2012c) . The plasma levels of several inflammatory cytokines, Ifn-γ, IP-10, monocyte chemoattractant proteins 1, 3, 5 (MCP-1 or Ccl2, MCP- 
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Please cite this article as 'in press' 3, MCP-5 or Ccl12) and macrophage inflammatory proteins 2, 3β (MIP-2 or Ccl3, MIP-3β) were significantly elevated (P<0.05) ( Figure 5A , Supplementary Figure S5A) . Notably, the expression of all genes encoding these elevated peripheral cytokines was induced in the colon mucosa at the same time point (Figure 3 , Supplementary Figure  S4 ). In addition, a specific subset of amine metabolites appeared to be significantly (P<0.05) elevated in the plasma samples obtained on day 4 after conventionalisation. These metabolites included elevated levels of L-glutamine and indicated an increased L-kynurenine-to-tryptophan (Kyn/Trp) ratio ( Figure 5B , Supplementary Figure S5B) . Increased plasma glutamine level has been shown to play a crucial role in T cell activation and nucleic acids biosynthesis and/or elevation of nitric oxide production levels under conditions of cell proliferation (Wu et al., 1998) as observed during conventionalisation (El Aidy et al., 2012c) . In contrast, citrulline and L-serine were present at lower levels ( Figure 5A , Supplementary Figure  S5B ). Importantly, indoleamine 2,3-dioxygenase (Ido), which catalyses the rate-limiting step of tryptophan degradation along the kynurenine pathway (Suzuki et al., 2010) , was specifically induced in the mucosa at this time point (Supplementary Figure S4) , supporting the elevated Kyn/Trp ratio ( Figure 5B ). The L-kynurenine/L-tryptophan metabolite ratio potentially leads to inhibition of immune cell proliferation and induction of apoptosis and immune suppression (Suzuki et al., 2010) . Similarly, we have recently reported a potential role of the transient decrease in the tryptophan plasma level and the corresponding elevation of the kynurenine metabolite in the predicted neuronal changes occurring during the onset of the introduction of the gut microbiota and the establishment of host-microbial homeostasis (El Aidy et al., 2012d) . The expression level of inducible nitric oxide synthase (Nos2), indicative of a state of immune system induction (Bellows et al., 1999) , is congruent (Supplementary Figure  S4) with the elevated plasma levels of L-glutamine ( Figure  5B ). Nitric oxide production is dependent on expression of the enzyme, Nos2 (or iNos), which is involved in the production of components with antimicrobial activity, and proceeds via oxidation of L-arginine yielding L-citrulline and nitric oxide. Accumulation of citrulline may prolong release of nitric oxide by epithelial cells (Palmer et al., 1988) . Nitric oxide also acts as a messenger in several processes including antimicrobial and antitumoural activities (Akobeng et al., 2000) . Collectively, the temporal changes in plasma profiles and mucosal transcriptomes at day 4 after conventionalisation suggested a transient state of tightly regulated inflammation compared to the germ-free state (day 0) and the newly established homeostatic state (day 30). The transient modulation of mucosal proinflammatory responses together with their cognate plasma cytokines and metabolites could reflect a developmental inflammationlike response rather than actual tissue inflammation.
The transient changes elicited in the gut nutrient four days after conventionalisation, due to the release of proinflammatory cytokines, could have facilitated the transient bloom of the relatively tolerant Proteobacteria. For example, pro-inflammatory cytokines like Ifn-γ stimulate the production of the enzyme iNos, which catalyses the production of nitric oxide from L-arginine, via the induction of the encoding gene Nos2, which is a core member of the molecular signatures of colonisation (Supplementary Figure S4 , Winter et al., 2013) . iNos leads to the production of nitrate, which ultimately causes a profound change in the gut nutritional environment, allowing the facultative anaerobes to shortcut the nutritional competition with other bacterial members by anaerobic respiration. This may lead to an enhanced relative fitness of the microbial members specific for day 4 post-conventionalisation.
Conclusions
Our study shows that colonisation of adult, healthy germ-free mice by their intestinal microbiota is marked by a transient overrepresentation of the pathobiont Helicobacter, Sphingomonas and Mucispirillum. We speculate that hosts not sufficiently colonised by specific microbial members during the onset of colonisation and the parallel immune maturation cannot control colonisation by invasive pathogens and are more susceptible to immunoregulatory disorders upon long-term colonisation. Presumably, exposure to these microbial members during the process of immune development is a prerequisite to fully expand immune responses, including tolerance to the gut microbiota. Intriguingly, a recent study reporting on the early microbial factors that might be involved in necrotinising enterocolitis (NEC) in preterm infants supports this assumption (Mai et al., 2011; Morrow et al., 2013) . The onset of NEC was characterised by a bloom in Proteobacteria. By contrast, a significant reduction in the levels of Proteobacteria marked the stage that precedes the disease incidence.
Specific (pathobiont) microbial species may play an important and analogous role in both healthy and inflammatory bowel disease predisposed populations, but the outcome of their interaction with the mucosa may depend on the accuracy of regulation of the adaptive immune responses and tolerance. This suggestion is supported by the observation that the tissue transcriptome signatures and their cognate plasma profiles detected in this study share similarities with the loss of homeostasis, as was described in mouse models of inflammation as well as in humans with intestinal inflammatory disorders (Hakansson and Molin, 2011; Nishimura et al., 2009; Singh et al., 2007; Wang et al., 2010; Zhao et al., 2008) . Once confirmed to be present during the dynamic process of microbial colonisation in other host models, the transiently overrepresented microbial members identified here in combination with their co-occurring molecular signatures could serve as markers for the boundaries of resilience in mucosal defences and homeostasis, be employed as potential inflammation risk indicators in humans and animals.
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